Human pluripotent embryonic stem (ES) cells have important potential in regenerative medicine and as models for human preimplantation development; however, debate continues over whether embryos should be destroyed to produce human ES cells. We have derived four ES cell lines on mouse embryonic fibroblast cells in medium supplemented with basic fibroblast growth factor, human recombinant leukemia inhibitory factor, and fetal bovine serum. The source of these cell lines was poor-quality embryos that in the course of routine clinical practice would have been discarded. After continuous proliferation in vitro for more than 12 months, these ES cell lines maintained their developmental potential to form trophoblast and somatic cells, including cardiac muscle and neuronal tissue.
INTRODUCTION
Although the National Institutes of Health (NIH) registry of human embryonic stem (hES) cell lines lists 78 lines isolated in five countries, it seems likely that more will need to be isolated. Of the 78 NIH registered lines, only 11 have been significantly characterized and are currently available to researchers (http://stemcells.nih.gov/registry/). In addition to the fact that relatively few hES cell lines are currently available, these lines were derived on mouse feeder layers, and would be treated as a xenotransplant product by regulatory authorities. Established hES cells can be maintained on human feeders [1] [2] [3] or without feeders on Matrigel [4] , and new cell lines have been derived using human feeders without exposure to animal cell types [2] .
Embryos previously used to generate hES cell lines were in excess of clinical requirements, but their developmental stages and morphological characteristics were not documented [2, 5, 6] . Typically, in human fertility clinics, eight-cell or blastocyst-stage embryos with cell number and morphology appropriate to their age are transferred to the patient, donated, or cryopreserved. Embryos lagging behind normal development, with poor morphology, or, in the case of blastocysts, lacking a distinct inner cell mass (ICM), or with low cell numbers are discarded, since they are unlikely to establish pregnancy.
The scoring systems used to assess such embryos vary among individual in vitro fertilization facilities, though standardized methods have been proposed. This has allowed the correlation between embryo quality and pregnancy outcome to be demonstrated: good-quality blastocysts establish pregnancy with twice the frequency of slightly less advanced embryos [7] . However, experiments that assess the developmental potential of embryos that are days behind normal development and have very few ICM cells, are not feasible, and so these embryos are discarded. Here, we report the establishment of four hES cell lines from 19 such embryos.
MATERIALS AND METHODS

Derivation and Culture of hES Cells
Embryos were donated to this study with the informed consent of couples that had already undergone an embryo transfer at day 3 or 5 postfertilization of the same cycle. Any good-quality embryos that were not transferred were cryopreserved for the couples' future use. Remaining embryos were graded at day 6 or 7 by the scale of Gardner et al. [7] , which assesses the extent of blastocyst expansion on a scale of 1 to 6, with 3 being a full blastocyst, and, for embryos of grade 3 or better, the size and quality of ICM and trophectoderm (TE) are each assessed on a three-point scale. The embryos used in this study normally would have been discarded since they were of such poor quality that there was little likelihood of them surviving freezing and thawing.
Zona pelucidae were removed by Pronase (Sigma; St. Louis, MO; http://www.sigmaaldrich.com) digestion (1 mg/ml) for 2 minutes. TEs were removed by immunosurgery [8] using antiplacental alkaline phosphatase antibody (DAKO; Carpenteria, CA; http://www.dakocytomation.com; 1:10 dilution) and guinea pig complement (GIBCO/BRL; Grand Island, NY; http://www.invitrogen.com; 1:4 dilution) in 50-µl droplets under oil. Cell lines were established and maintained on mitotically inactivated mouse embryonic fibroblast (MEF) feeder layers derived from E13.5 random bred mouse fetuses, as previously described [9] , in hES cell culture medium: knockout Dulbecco's-modified Eagle's medium (DMEM; GIBCO/ BRL) supplemented with 20% fetal bovine serum (FBS; HyClone; Logan, UT; http://www.hyclone.com), 2 mM L-glutamine (GIBCO/BRL), 1× minimal essential medium nonessential amino acids (GIBCO/BRL), 50 U/ml penicillin, 50 µg/ml streptomycin, 1,000 U/ml recombinant human leukemia inhibitory factor (hLIF; Chemicon; Temecula, CA; http://www.chem icon.com), 0.1 mM β-mercaptoethanol (GIBCO/BRL), and 4 ng/ml basic fibroblast growth factor (bFGF; GIBCO/BRL).
In Vitro Characterization
Before immunostaining, colonies of ES cells were plated on MEF feeder layers in Permanox Chamber Slides (Nalge 
In Vitro Differentiation
Trophectoderm
Colonies of BG01 passage 65 ES cells on MEFs were grown to confluence over 3 weeks, with the medium replaced every 2 days. Medium, conditioned by the differentiated cells for 48 hours, was concentrated 10-fold with a 10-kD centrifuge filtration device (Millipore; Billerica, MA; http://www.millipore.com), and the amount of human chorionic gonadotropin (hCG) was measured with a radioimmunoassay kit (ICN Pharmaceuticals; Costa Mesa, CA; http://www.icnpharm.com) recognizing the β subunit of hCG. Samples were tested in duplicate both undiluted (after concentration) and diluted twofold with the control serum provided in the kit, to ensure the concentration was within the linear range of the assay.
Neural Cells
Embryoid bodies (EBs) were generated by cutting colonies into pieces with a solid glass needle made from a Pasteur pipette and cultured in suspension in ES cell medium. At day 12, EBs were seeded onto polyornithine/laminincoated slides and cultured in knockout DMEM, 10% FBS, 1× nonessential amino acids, 50 U/ml penicillin, 50 µg/ml streptomycin, and 2 mM L-glutamine. EBs were fixed at day 18 for immunostaining.
Cardiac Muscle
Clumps of 150-200 cells were cultured in nonadherent 35-mm culture dishes in hES cell medium to form EBs. 522 Human ES Cells Derived from Discarded Embryos After 6 days, EBs were plated onto 0.1% gelatin-coated culture dishes. EB explants were observed for 3 weeks. Five days after plating, some colonies contained beating cells.
RESULTS
Donated embryos were scored after Gardner et al. [7] , who developed a grading system that assesses the extent of blastocyst expansion on a scale of 1 to 6, with 3 being a fully expanded blastocyst. Blastocysts that are full, expanded, or hatched are classified further to assess ICM and TE. All embryos used in this study had very poor blastocyst scores despite having been cultured an extra 24-48 hours; 7 of 19 did not have a full blastocoel (grade 1 or 2), five were full blastocysts (grade 3), six were expanded (grade 4), and one was hatching (grade 5). Two embryos had an ICM of grade B ("loosely grouped, several cells"), while the others were of grade C ("very few cells"). TE of all embryos was graded B ("few cells forming a loose epithelium") or C ("very few large cells").
After removal of the zona pelucidae by Pronase digestion and trophoblast cells by immunosurgery [8] , the remaining cells were cultured on mitotically inactivated MEFs isolated from 13.5-day postcoitum fetuses of outbred mice. The human embryos were poorly developed compared with normal embryos 5 or 6 days after in vitro fertilization, and in most cases, there were few ICM cells visible.
Since the ICMs from these embryos were lacking the cell numbers and quality found in good-quality embryos, we added recombinant hLIF and bFGF into the culture medium as a mitogen, as previously described, to isolate mouse and human primordial germ cell-derived pluripotent cell lines [10] [11] [12] .
When colonies of small compact cells were observed 7 to 10 days after seeding (Fig. 1A) , they were manually dissociated into clumps of 10-100 cells and replated on fresh feeder layers. The cells had a high ratio of nucleus to cytoplasm and prominent nucleoli (Fig. 1A) . Colonies of cells were maintained and expanded in this way for four Mitalipova, Calhoun, Shin et al. No cell lines were isolated from blastocysts of grade 1 or 2, though a cluster of cells from one of the seven grade 1 and 2 embryos attached and proliferated after immunosurgery. The cell lines BG01, BG02, and BG03 were isolated from embryos graded as 3CC, and BG04 was isolated from a 5CB embryo (Table 1) .
Of these four cell lines, two have been thawed and extensively characterized. The cell line BG01 has been grown for over 80 passages, and BG02 for over 30 passages in vitro, without loss of their initial ES cell morphology, expression of appropriate markers, or the ability to differentiate to multiple lineages. Marker expression analysis was performed with BG01 ES cells at passages 4-85, with BG02 at passages 4-35, and with BG03 and BG04 at passages 3-5. These hES cell lines expressed cell surface markers that characterize undifferentiated nonhuman primate and human ES, embryonic carcinoma (EC), and embryonic germ (EG) cells [13] , including alkaline phosphatase, transcription factor Oct-4, SSEA-3 and SSEA-4, and TRA-1-60 and TRA-1-81 (Fig. 1B-H) . As shown in Fig.1 B-H , antibody binding to colonies of human ES cells was strong for five of the six antibodies. The antibody recognizing SSEA-3 antigen exhibited weak binding to ES cells (Fig. 1D) , as previously described, for human ES, EC, and EG cells [5, 6, 12] .
Two of the four cell lines, BG01 and BG02, have been cytogenetically analyzed and have a normal 46XY karyotype after 35 passages (6 months in culture). The other two ES cell lines have not yet been propagated beyond 5 passages.
In Vitro Differentiation
Spontaneous differentiation of colonies of ES cells was induced by allowing the cells to grow beyond confluence over 2-3 weeks with the medium changed every 2 days. After 15 days at confluence, the level of hCG was measured in conditioned medium from ES cell line BG01 at passage 65. The cells produced 3.3 ± 0.8 mIU hCG/ml of conditioned medium. No hCG was detected in control medium conditioned only by undifferentiated ES cells and a feeder layer.
Like other hES cell lines, BG01 and BG02 are capable of forming EBs in vitro ( Fig. 2A) and can differentiate to neural cell types expressing the neural progenitor marker, nestin, and the neuronal marker, MAP2 (Fig. 2B, 2C ) [14] [15] [16] [17] . This demonstrates that BG01 and BG02 can form tissue that is a derivative of ectoderm. 524 Human ES Cells Derived from Discarded Embryos BG01 cells can also differentiate to cardiac muscle cells, a mesodermal derivative. When EBs were transferred to adherent culture in hES medium, rhythmically contracting regions of cells typical of cardiomyocytes were observed (data not shown) [18] .
DISCUSSION
The embryos used in this study were poorly developed at day 5 of development and were not transferred or cryopreserved. By day 6 or 7, some had reached a stage of cavitation that might be expected at day 5, but none had the tight and even ICM seen in good-quality blastocysts. The pregnancy establishment rate is nearly double when high-quality blastocysts (3AA or better) are transferred at day 5, compared with the outcome when embryos poorer than 3AA are transferred. In this case, the patients had received higher quality embryos on day 3 or 5 of the same cycle, and other embryos had been frozen for future use. What remained was a group of poorly developed embryos that, from previous experience, were unlikely to survive freezing and thawing. No published data exist describing establishment of pregnancy with embryos that achieve 3CC only after 6 or 7 days, and though this is conceivable, the additional impact of a freeze/thaw cycle makes this even less likely, and so in clinical practice, such embryos are discarded.
We added bFGF and recombinant hLIF to the medium to enhance the proliferation of ICM cells from these blastocyststage embryos with limited cell numbers. Two cell lines were derived from day-6 embryos while the other two lines were derived from day-7 embryos. Limited embryo numbers prohibited a direct comparison of various culture conditions, including media that did not contain bFGF or hLIF. No cell lines were isolated from embryos without a full blastocoel, although, from one such embryo, cells attached and began to proliferate. The four cell lines were derived from 19 embryos in total, but from only 11 full blastocysts or better. This frequency is comparable with that reported by Thomson and coworkers [5] , and suggests that the culture conditions and methods used may have facilitated hES cell line isolation. The human embryo-derived cell lines described here meet criteria used to define human ES cells. These include expression of markers commonly used to identify hES cells, normal and stable karyotype, and demonstrated ability to differentiate in vitro into a variety of cell types. Specifically, BG01 has now been cultured past 85 passages and still maintains the same ES cell marker characteristics as it exhibited in the initial cell passages. This same cell line can differentiate into cardiac and neural-like cell types in vitro. The cell lines described here are karyotypically stable, express markers associated with human pluripotent stem cells, and can differentiate in vitro to a variety of cell types.
We have demonstrated that hES cell lines can be derived from embryos that may be discarded in the usual course of events due to low cell numbers and slow development. Most fertility clinics discard embryos that are unlikely to produce satisfactory pregnancy outcomes after assessment by a published scoring system. We report here that a portion of the embryos that are discarded because of a predicted unsatisfactory pregnancy outcome can alternatively produce viable embryonic stem cell lines.
